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ABSTRACT 


Solutions  for  isothermal,  isentropic,  and  constant  Mach  number 
(at  a  specified  location)  flows  with  constant  acceleration  are  obtained. 

It  is  shown  that  in  application  to  high-speed  guns,  these  solutions 
necessitate  variable  gun  geometry  or  heating  of  the  propellant;  both 
requirements  are  considered  at  present  impractical.  Numerical 
solutions  which  give  constant  projectile  acceleration  in  a  fixed  geom¬ 
etry  gun  are  computed  for  ideal  and  real  hydrogen  propellant.  Using 
the  latter,  and  the  appropriate  similarity  parameters,  as  well  as 
practical  constraints  related  to  gun  and  projectile  geometry  and  strength, 
it  is  shown  that  a  substantial  increase  in  muzzle  velocity  could  be  ob¬ 
tained  if  the  constant  base  pressure  cycle  were  more  closely  approxi¬ 
mated  in  actual  launchings.  At  present  the  velocity  attained  with  large 
caliber  guns  is  much  smaller  than  with  the  small  ones.  In  this  connection, 
the  validity  of  linear  scaling  of  guns  and  the  resulting  possibility  of  applica¬ 
tion  of  small-scale  developments  to  large  caliber  guns  are  indicated. 
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SECTION  I 
INTRODUCTION 


A E  DC -T R *66-1 8 1 


Simple  models  of  the  earth's  atmosphere,  for  which  a  constant 
gravitational  field  was  assumed  (Ref,  1),  provide  early  examples  of  one- 
dimensional  situations  of  gases  subjected  to  a  constant  acceleration. 

More  recently,  this  type  of  flow  was  considered  by  Stanyukovitch  (Ref.  2), 
and  the  interest  was  renewed  (Ref.  3)  in  connection  with  the  design  and 
optimization  of  high  velocity,  two-stage,  light-gas  launchers.  In  this 
report  various  types  of  constant  acceleration  flows  are  considered,  and 
the  results  are  applied  to  calculate  the  idealized  performance  of  the 
final  stage  of  a  constant  base  pressure  launcher,  using  either  perfect 
gas  (y  =  1.4)  or  real  hydrogen  propellant.  In  the  light  of  these  results, 
limitations  and  scaling  of  high-speed  guns  are  discussed. 


SECTION  II 

CONSTANT  ACCELERATION  FLOWS* 

The  analysis  of  constant  acceleration  flows  of  various  types  is 
based  on  the  following  relations: 

(i)  The  motion  resulting  from  uniform  acceleration  is  given,  in 
the  Eulerian  coordinate  x,  by 

x  =  xG  +  nd/2  (1) 

with 

u  -  at  and  x  =  x0  at  L  =  0; 

(ii)  From  Newton’s  Second  Law,  for  flows  characterized  by  a 
constant  acceleration  a  and  in  the  absence  of  forces  other 
than  fluid  pressure  (e.  g. ,  body  forces  and  frictional  forces), 
the  pressure  distribution  is  given  in  the  Lagrangian  coordi¬ 
nate  x0  by 

— dp/dx0  =  ap  (2) 

For  example,  Eq.  (2),  with  x0  =  height,  gives  the  pressure 
gradient  for  an  atmosphere  in  a  constant  gravitational  field  a; 

(iii)  A  pressure -density  relationship  necessary  for  the  solution  of 
Eq.  (1)  is  postulated  according  to  the  desired  type  of  the 
thermodynamic  process  in  the  gas,  e.  g. ,  isothermal,  isen- 
tropic,  or  other  stipulated  condition,  e,  g. ,  constancy  of  Mach 
number  at  a  specified  location; 


*  Unless  otherwise  stated,  all  numerical  values  and  plots  given  in 
this  report  are  for  y  =  1.4  . 
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(iv)  An  equation  of  state  (p/p  =  gRT  is  used  here),  or  numerical 
real  gas  thermodynamic  data  provide  the  necessary  relation¬ 
ships  between  other  thermodynamic  parameters; 


(v)  In  order  to  interpret  some  of  the  resuits,  and  to  compute 
more  complex  flow  fields,  the  method  of  characteristics  is 
used.  Equations  of  characteristics  in  one-dimensional,  un¬ 
steady  flow  (Ref.  4),  are  written 

F  ±  u  =  C+_  (3) 


with 


F  =  f  dp/(pa) 


and  the  signs  corresponding  to  the  slopes 

dx/dt  =  u  +  a 


It  is  evident  from  Eq.  (2)  that,  in  the  Lagrangian  coordinate,  con¬ 
stant  acceleration  flows  are  steady;  in  the  Eulerian  frame  of  reference 
such  flows  are  quasi-steady,  the  velocity  being  dependent  on  time  alone. 

In  view  of  the  constancy  of  acceleration,  the  pressure  p  at  station  xG 
is  a  direct  measure  of  the  total  mass  per  unit  area  of  the  accelerated 
medium  moo  ahead  of  station  xQ  (or  of  the  mass  per  unit  area  of  an  atmos¬ 
phere  above  height  x0  ).  Thus,  from  Eq.  (2), 

'<><»  =  f  pdxQ  =  p  fa  (4) 

X  0 

It  is  convenient  to  introduce  at  this  point  dimensionless  variables 
as  follows: 

X  =  ax/a03  ,T  =  at/aQ,  u  =  u/a0  =  T,  a  =  a/a0 
P  =  P/P„.  P  -  P/P0 

where  ( )0  refers  to  the  state  at  x  =  o,  t  =  0. 

The  dimensionless  equation  of  motion  then  reads 


2.1  ISOTHERMAL  FLOW 


For  the  case  of  isothermal,  perfect  gas  flow  aG 
Eq.  (2)  reads 


*o  =  (~  l/y)  ln  P 


constant  and 


(6) 
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The  Mach  number  is  given  by  M  =  u/a0  =  t. 

Equation  (6)  and  Fig.  1  give  density  and  pressure  distributions  in  an 
isothermal  atmosphere  in  a  gravitational  field  a  (Ref.  1),  or  in  iso¬ 
thermal  flow  with  constant  acceleration.  The  length  (1/y),  Fig.  1,  sub¬ 
tended  by  the  pressure  gradient  at  x0  =  o  is  the  height  which  the  atmos¬ 
phere  would  have  if  it  were  of  constant  density  p  =  1. 

The  characteristic  equations  are 

(1/y)  In  p  +  u  -  C+,_  (7) 

_  I  _5  _ 

and  hence  x  -  xQ  =  y  t  +  t 

In  Fig.  2,  isothermal  flow  is  illustrated  in  the  x,  T  coordinates, 
with  the  pathline  p  =  p  =  1  and  characteristics  passing  through  x  =  0, 
f  =  M  =  1  being  shown. 

2.2  ISENTROPIC  FLOW 

For  isentropic  flow  of  a  perfect  gas,  pp~'y  =  constant,  Eq,  (2)  gives 

x0  -  “  (p(y_1)/y  -l)/(y-l)  (8) 

The  pressure  vanishes  at  x0  =  l/(y-]).  The  distribution  of  pres¬ 
sure  is  shown  in  Fig.  3. 

The  various  features  of  isentropic  flow,  as  discussed  below,  are 
indicated  in  Fig.  4  in  the  x,T  plane. 

The  Mach  number  is  given,  from  Eqs.  (5)  and  (8)  by 

1  -  (y  -  1)  x  +  [(y  —  l)/2  -  1/MTf1  =  0  (9) 

For  all  values  of  M,  x0  =  l/(y-l);  also,  at  this  value  of  x  the  Mach 
number  remains  constant  at  [2/(y-l)j/a  =  yf5~.  At  *  =  *  1  +  l/(y  - 1)»  the 

Mach  number  becomes  infinite  while  the  pressure,  density,  and  tem¬ 
perature  vanish.  Along  the  pathline  p  =  1,  the  Mach  number  distribution 

is  M  =  “u  =  t  =  yj  2x. 

At  station  x  =  o,  the  variation  of  state  parameters  is  given  by 

p  =  r  r/(r-u,  p  =  r  t  =  i*-  r\  m  -  r“vW  (10) 

with  r  -  ]  +  (y  -  1)  T  /2. 
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Of  particular  interest  are  sonic  (M  =  1)  conditions  denoted  by  *. 
From  Eq.  (9), 

1  -  <y -1)X*  -  <3-y)T*,/2  =  0  (11) 

giving 

to  =  u*  =  a*  =  JT  =  V  2/(3  - y)  =  1.118 
__  * 

T  =  1.25 


_  * 
P 


_* 

P 


-*  l/(y  ~  1) 
P*y  -  2.184 


1.746 


In  isentropic,  unsteady  flow  the  characteristics  are  given  by 

u  ±  [2/{y  -  1)1  a  =  C+j_  (J2) 

and  hence 

T  ±  [  2/(y  —  1)]  [1  +(y-l)/(Ta/2-*)],/i  =  C+>- 


For  characteristics  through  t*. 


C_  •  -  \J2(3  -  y)/(y  -  1)  =  -  4.472 


The  C+  characteristic  which  passes  through  70*  intercepts  the 
P  =  1  pathline  at 

1"  =  =  u"  =  [(y  +  1)  V  2/(3  -  y)  -  2]/(y  -  1)  =  1.708 


x"  =  l,,3/2  =  1.459 


(13) 


In  general,  the  relationship  between  the  t"  at  which  a  C+  character¬ 
istic  intercepts  the  p  =  1  pathline,  and  the  time  To  at  which  the  same 
characteristic  intercepts  the  x  =  0  coordinate,  is  given  from  Eqs.  (5) 
and  (12): 

V=  To  +  -yl -  j  [1  +  (y  -  1)  t"  /2]  %  -  l[  (14) 
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2.3  FLOW  WITH  CONSTANT  MACH  NUMBER  AT  A  SPECIFIED  LOCATION 

Consider  a  flow  with  constant  acceleration  in  which  a  constant  Mach 
number  M0  is  maintained  at  *  =  ft.  For  such  a  flow 

ux  =  0,t  =  a  x  =0,1  =  (15) 

and,  using  Eq.  (1),  the  distribution  of  velocity  of  sound  (and  tempera¬ 
ture)  at  time  t  =  0  is  given  by 

*o  =  -  Mo2  a72a  =  -  yRT  M£/(2a)  (16) 

Thus  the  flow  of  the  type  considered  here  exhibits  a  linear  temperature 
distribution  in  xQ.  The  equation  of  motion  (Eq.  (1))  becomes 

x  +  a*  Mq  /(2a)  =  a  t*/2  (17) 

From  Eqs.  (2)  and  (16),  the  parameters  of  state  are  related  by 

pa  =  constant 

The  equations  of  the  characteristics  are  written 

M02  a  ±  u  =  C+;  _  (18) 


It  is  apparent  from  Eq.  (16)  that  the  Mach  number  is  indeterminate 
at  x  -  0,  t  =  o  (with  u  =  T  =  o),  and  therefore  it  is  convenient  in  this 
case  to  normalize  the  equations  with  respect  to  conditions  at  *  =  ft,  t  =  t!,. 


Putting 


=  a  x/a7  ,  t  =  at/ap 


=  a/at'0  >  P  =  P/Pt» 


A  .  .  A  A  .  A 

u  =  u/at'o  =  t,  p  =  p  /p,^  ,  T  =  T/T(l 

the  properties  of  the  flow  are  related  by 


T  =  a2  =  £  >'M°2  =  p 


2  x0/Mo2 


(  to/Mo)  ' 


The  entropy  distribution  relative  to  the  reference  state,  As  =  s  -  S(> , 
is  given  by 

A  s  =  A  s/R  =  [y/(y  -  1)J  In  T  -  In  p  =  y  [l  /(y  -  1)  -  VI02/2l  h  T  (20) 

The  above  distributions  of  parameters  of  state  are  plotted  for 
Mo  =  1  in  Fig.  5. 

The  equation  of  motion  is  written 
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and,  since  M  =  T/a,  the  constant  Mach  number  lines  are  given  by 

x  =  [1  -  (M0AD5]'tJ/2  (22) 

Using  Eq.  (21),  the  characteristic  equations  are 

M0  J  t’*  -  2x  it1  =  C+)_  (23) 

The  relationship  between  the  time  t"  at  which  a'Cf  characteristic 
intercepts  the  p  =  1  pathline,  and  the  time  t0"  at  which  the  same  char¬ 
acteristic  intercepts  the  x  =  0  coordinate  is  given,  from  Eqs.  (21) 
and  (23)  by 

t  "  +  Mo  =  t0"  (1  +  M0>  <24> 

For  the  particular  case  of  M0  »  1,  the  flow  is  shown  in  the  x,  t 
plane  in  Fig.  6.  In  addition  to  pathlines  and  M  =  constant  lines,  the 
characteristics  through  ( x  ==  o,  t  =  2)  are  drawn;  the  C_  characteristic 
coincides  with  the  t  coordinate. 


SECTION  III 

APPLICATIONS  TO  IDEAL  LAUNCH  CYCLES 


Consider  a  typical  configuration  of  the  final  stage  of  a  light -gas  gun, 
shown  in  Fig.  7.  A  light-gas  propellant,  while  being  compressed  in  the 
pump  tube  by  a  piston,  expands  into  the  barrel  and  accelerates  the  pro¬ 
jectile.  If  it  were  assumed  that  the  projectile  could  withstand  some 
maximum  acceleration  irrespective  of  the  duration  of  its  application 
(i.  e.,  neglecting  the  dynamic  effects  of  projectile  loading),  then  for  a 
given  projectile  and  a  given  barrel  length  the  maximum  muzzle  velocity 
would  be  obtained  by  continuous  application  of  such  acceleration.  Based 
on  this  consideration  the  so-called  constant  projectile  base  pressure 
cycle  has  often  been  considered  (e.g..  Ref.  3)  as  the  one  most  desirable 
for  use  in  high  velocity  guns. 

The  applicability  of  the  previously  derived,  homogeneous,  constant 
acceleration  flow  solutions  (in  which  all  of  the  propellant  maintains  con¬ 
stant  acceleration),  and  other,  nonhomogeneous  solutions  (in  which  only 
part  of  the  propellant  adjacent  to  the  projectile  moves  with  constant 
acceleration)  to  the  constant  base  pressure  gun  cycle  will  be  examined 
in  the  following  sections. 
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3.1  HOMOGENEOUS,  CONSTANT  ACCELERATION  SOLUTIONS 

Suppose  the  propellant  flow  to  be  isentropic,  the  projectile  to  be 
initially  located  at  x  =  0  and  a  constant  pressure  p  -  1  to  be  maintained 
at  its  base.  A  constant  acceleration  solution  for  flow  in  the  barrel 
would  satisfy  these  requirements,  with  the  conditions  at  the  barrel 
entrance  (x  =  0)  being  matched  on  the  basis  of  isentropic  expansion 
across  the  pump  tube/barrel  area  change.  The  propellant  in  the  pump 
tube  can  be  considered  to  be  virtually  at  rest*,  the  pump  tube  condi¬ 
tions  corresponding  at  all  times  to  the  isentropic  reservoir  conditions 
(denoted  by  subscript  p  ),  and  the  required  piston  motion  being  thus 
determined.  The  time  variations  of  pump  tube  (reservoir)  pressure 
and  temperature  are  given  in  Table  I  and  in  Figs.  8  and  9,  curves  "a". 
Figures  10  and  11  show  the  pressure  pp  and  temperature  Tp  required  to 
attain  projectile  velocity  il  =  “".where  T1'  is  related  to  T0  by  a  C  +  char¬ 
acteristic,  cf.  Eq.  (14)  and  Fig.  4. 

Since  in  this  type  of  flow  the  Mach  number  at  the  barrel  entrance 
(x  =  0)  attains  supersonic  values  for  times  in  excess  of  “D  =  V 2 / (3  —  y)  , 
Eq.  (11),  a  variable -geometry  barrel  entrance  (e.  g,  ,  vented  entrance 
or  variable  area  throat)  would  be  required  to  maintain  constant  accel¬ 
eration  flow  beyond  a  velocity  uT'  =  1.708,  Eq.  (13).  The  maximum  re¬ 
quired  area  contraction  (at!  -  «,)  would  be 

y  +  i 

A./A  .(Jaiyo'-IY-L.ys.  0.483 


It  is  possible  to  envisage  mechanical  schemes  with  which  the  above 
variable -geometry  requirements  could  be  satisfied.  However,  in  view 
of  the  extreme  pressures  and  temperatures  which  occur  in  practice  in 
the  region  of  pump  tube /launch  tube  juncture,  such  solutions  must  be 
at  present  considered  academic,  at  least  as  regards  attainment  of  maxi¬ 
mum  projectile  velocities. 

It  was  shown  that  in  isentropic,  constant  acceleration  flow  a  con¬ 
stant  Mach  number  is  maintained  at  the  station  x  =  1  /(y  —  1 ) »  Eq.  (9). 

This  could  imply  a  constant  barrel  entrance  area  expansion  giving  the 
required  Mach  number,  but  would  necessitate  the  projectile  to  enter  the 
barrel  with  a  velocity  u  =  [2/(y  -  ])]  Again,  mechanical  means  required 
to  accomplish  this  appear  impractical. 


*For,  say,  a  pump  tube/barrel  diameter  ratio  of  3  or  4,  this  is  an 
excellent  approximation  for  all  launch  tube  entry  Mach  numbers. 
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Since  in  a  practical,  constant -geometry  gun  the  flow  must  become 
choked  at  the  barrel  entrance,  the  applicability  of  the  nonisentropic, 
constant  Mach  number  solution  at  x  =  0  is  of  interest.  The  required 
launch  cycle  can  be  envisaged  as  consisting  of  two  phases:  first,  an 
isentropic  phase,  during  which  propellant  attains  sonic  velocity  at  the 
barrel  entrance,  and,  secondly,  a  nonisentropic  phase,  during  which 
constant  acceleration  is  maintained  while  the  flow  remains  sonic  at  the 
barrel  entrance. 


The  variation  of  the  propellant  state  at  the  barrel  entrance  is  given, 
during  the  first  phase,  by  Eq.  (10),  and  during  the  second  phase  by 
Eq.  (19).  The  reference  conditions  a  1 ,  p  'letc. ,  have  to  be  identified 

o  o 

with  the  isentropic,  sonic  flow  conditions,  Eq.  (11).  Accordingly, 

Eq.  (19)  gives,  fori  [2/(3  -  y)]/j  =  1.118, 

—  .  _  _  (y — 2 )  —  a 

p  =  A  t',  p  =  AT  ,  T  =  T 


(^_1) 

p  U  =  A  t 


(25) 


with 


y(3-y) 


[2/(3 -y)]  2(rD  =  lm 


8  68 


The  corresponding  pump  tube  or  reservoir  propellant  state,  denoted 
by  subscript  p,  is  given  (at  1  ^T0*)  under  the  assumptions  of  negligible 
flow  velocity  in  the  pump  tube  and  isentropic  acceleration  to  the  sonic 
velocity  at  the  barrel  entrance,  by  Eq.  (25)  multiplied  by  the  isentropic 
sonic  ratios  as  follows: 

y 

PP  =  k  Y~l  P  =  1-893  p 

y 

PP  =  k  y-1  p  =  1.577  P  (26) 


with 


Tp  =  k  T  =  1.2  T 

k  =  (y  +  1)  /2  =  1.2 


The  pump  tube  pressure  and  temperature  are  given  in  terms  of 
time  T0  in  Table  I  and  Figs,  8  and  9,  curves  Mb". 

In  order  to  determine  the  time  at  which  the  projectile  is  affected 
by  the  conditions  at  the  barrel  entrance,  it  is  necessary  to  consider 
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the  C+  characteristic  which  passes  through  the  two  phases  of  flow  (for 
I  >  ro*).  In  terms  of  dimensionless  variables  appropriate  to  the  isen- 
tropic  flow  case,  the  times  TM  and  T0M  at  which  a  C  +  characteristic 
intercepts  the  projectile  path  (p  =  1)  and  the  barrel  entrance  (x  =  0), 
respectively,  are  given  by 

fM  =  2T0"  +.<d  (27) 

where 

<u  =  VF (  v'3  -  y  -  V2j  /(y  -  1)  =  -0.528 

The  pump  tube  pressure  and  temperature  are  plotted  in  terms  of  iT  =  T" 
in  Figs.  10  and  11,  curves  "b1'.  It  is  apparent  that,  compared  writh  the 
isentropic  case,  this  solution  results  in  much  higher  temperatures  and 
lower  pressures  in  the  pump  tube. 


In  the  cycle  here  considered,  the  second  phase  involves  heating  of 
the  propellant.  The  amount  of  heat  required  per  unit  mass  of  propel¬ 
lant  is  given  by,  Eq.  (20), 

Q  =  fTds  /(R  To)  =  S(T  -  -3^7)  (28) 

with 

fi  =  y[l/(y  -  1)  -  1/2]  =  2.8 


and,  from  Eq.  (25),  the  rate  of  heat  flow  per  unit  barrel  cross-sectional 
area  is 


Qpu  -  5  \  [7J  -  2/(3  -  y)]T 


(y-D 


=  5.23  (ts  -  1 .25) T  0,4 


(29) 


This  is  the  ideal  rate  at  which  the  pump  tube  gas  would  have  to  be 
heated  just  upstream  of  the  barrel  entrance  to  insure  constant  accel¬ 
eration  propellant  flow  in  a  fixed-geometry  gun. 


3.2  NONHOMOGENEOUS,  CONSTANT  ACCELERATION  SOLUTIONS 

If  the  insistence  on  the  homogeneity  of  the  motion  in  the  launch  tube 
were  relaxed,  other  solutions  applicable  to  the  constant  base  pressure 
gun  cycle  would  be  possible.  The  one  of  particular  interest  is  the  isen¬ 
tropic  solution  suggested  by  Smith  (Ref.  3),  who  presented  some  results 
in  graphical  form.  Here  solutions  of  this  type  are  considered  in  some 
detail,  including  numerical  results  of  computations  for  an  ideal  (y  =  1.4) 
and  for  real  hydrogen  propellant. 

As  has  been  shown,  the  difficulty  in  maintaining  a  constant  accel¬ 
eration,  isentropic  flow  arises  in  a  constant -geometry  launcher  after 
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time  70*  ,  at  which  sonic  conditions  are  first  attained  at  the  barrel 
entrance.  Unless  a  variable  throat  can  be  formed  at  the  entrance, 
choking  will  prevent  maintenance  of  a  constant  acceleration  flow.  How¬ 
ever,  an  isentropic  flow  solution  can  be  obtained  in  which  sonic  flow  at 
the  barrel  entrance  and  constant  acceleration  in  the  part  of  the  flow 
field  adjacent  to  the  projectile  are  maintained. 

Consider  constant  acceleration,  isentropic  flow  in  the  x,7  plane. 

Fig.  12.  From  the  theory  of  characteristics  (Ref.  4)  it  follows  that  the 
region  in  which  the  flow  is  uniquely  determined  is  bounded  by  a  segment 
of  the  x,T  path  (projectile  path  in  this  case)  and  by  two  intersecting 
characteristics’  originating  at  the  extremities  of  the  path.  Therefore, 
in  order  to  maintain  constant  acceleration  up  to  time  Trl,  it  is  sufficient 
to  match  the  solution  along  characteristic  C_*  until  time  T1.  The  match¬ 
ing  flow  solution  can  be  computed,  since  conditions  along  character¬ 
istic  C_*  are  given,  the  flow  is  isentropic  and  the  requirement  of  sonic 
flow  at  x  =  0  has  to  be  satisfied. 

3.2.1  Ideal  Propellant  (y  =  1.4) 

The  solution  has  been  programmed  using  AT  =  0.005  intervals  along 
the  C_*  characteristic,  and  the  results,  in  terms  of  state  parameters 
at  the  entrance  to  the  barrel  (x  =  0)  and  in  the  pump  tube  (reservoir), 
are  given  in  Table  1  and  Figs,  8  to  11,  curves  "c";  the  characteristic 
net  is  shown  in  Fig.  13.  Compared  to  the  isentropic,  homogeneous 
solution  (curves  "a")  the  differences  are  small  and  amount  to  less  than 
10  percent  over  the  range  investigated.  The  mass  flow  rates,  compared 
in  Fig.  14,  differ  by  less  than  20  percent. 

3.2.2  Real  Hydrogen  Propellant 

The  solution  for  real  hydrogen  was  based  on  unpublished  NBS 
thermodynamic  data.  Ref.  5,  summarized  in  Table  II.  The  initial  pro¬ 
pellant  conditions  (300°K,  3  atm)  were  selected  to  correspond  with  some 
of  the  cycles  known  to  achieve  high  muzzle  velocities  (cf. ,  Fig.  18), 
and  an  isentropic  compression  to  about  1600'K  and  19,  000  psia  was 
assumed  before  start  of  the  projectile  motion.  For  a  0.  5-in.  -diam, 
1-gm  projectile,  this  base  pressure  results  in  an  acceleration  of  about 
2  million  g's. 

The  basic  data  required  for  the  characteristic  computation  are 
given  in  Table  III,  and  include  functions  xQ  =  [-fdp/p]/a„2  and 

-  i  T  dp 

F  =  — — J  -jj-j-  ■  Since  for  homogeneous,  constant  acceleration  flow 
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tQ  =  V^2 f0  ,  this  table  gives  aLso  conditions  at  the  barrel  entrance  for 
homogeneous,  real  hydrogen  flow. 

The  characteristic  computation  for  nonhomogeneous  flow  was 
programmed  using  AT  =  n.02  intervals  along  the  C_*  characteristic  and 
the  results,  in  terms  of  pressure  and  temperature  at  the  entrance  to 
the  barrel  (x  =  0)  and  in  the  pump  tube,  are  given  in  Table  IV  and 
Figs.  8  to  11  (curves  "d  ’).  The  mass  flow  rates  and  the  character¬ 
istic  net  are  shown  in  Figs.  14  and  15,  respectively. 

Compared  with  the  ideal  (y  =  1.4)  solutions,  it  is  apparent  that  at 
large  values  of  T0,  the  pressure,  temperature,  and  mass  flow  ratios 
are  appreciably  smaller  for  real  hydrogen.  However,  in  terms  of  Trl 
and  for  T"  <4,  pressures  pp  differ  only  slightly  between  the  ideal  (y  =  1.4) 
and  real  hj^drogen  solutions.  Also,  it  is  evident  from  Table  III  that,  in 
the  case  of  the  homogeneous,  real  hydrogen  solution,  the  Mach  number, 
M,  at  the  barrel  entrance  differs  only  very  slightly  from  one,  indicating 
that  the  homogeneous  solution  could  be  closely  approximated  in  a  fixed- 
geometry  gun.  The  reservoir  pressure  and  temperature  and  the  mass 
flow  are  in  fact  practically  identical  for  the  homogeneous  and  non¬ 
homogeneous,  real  hydrogen  solutions.  Figs.  8  through  11  and  14, 
curves  "d". 


SECTION  IV 

GUN  PERFORMANCE  AND  SCALING 


In  order  to  examine,  in  the  light  of  the  above  results,  the  limita¬ 
tions  of  idealized  high-speed  guns,  it  is  useful  to  indicate  some  con¬ 
straints  based  on  practical  design  and  operational  factors  and  to  con¬ 
sider  the  scaling  of  launch  cycles. 

As  regards  the  former,  the  following  can  be  mentioned: 

(i)  Structural  properties  of  the  gun  define  the  maximum  practical 
pump  tube  pressure  ppJ  for  example,  a  value  of  400  kpsi  might 
be  specified. 

(ii)  Excessive  density  and  temperature  of  the  propellant  would 

cause  unacceptable  erosion  of  the  gun  components;  contamina¬ 
tion  of  propellant  with  heavy  vapors  and  large  heat  losses  would 
decrease  performance.  Maximum  acceptable  propellant  density 
and  temperature  cannot  be  specified,  but  experience  indicates 
that  they  are  approached  in  the  present  high  performance  guns. 
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(iii)  The  base  pressure  is  limited  by  the  projectile  strength. 

(iv)  The  length/diameter  ratio  of  the  barrel  is  limited  in  practice 
to  values  on  the  order  of  300  because  of  viscous  and  frictional 
losses. 

(v)  The  minimum  projectile  voLume  must  be  such  as  to  provide 
adequate  sealing  of  the  propellant  and  stability  of  motion  in 
the  barrel.  A  length  of  about  one-half  caliber  appears  to  be 
close  to  the  minimum  practical  value. 

(vi)  In  general,  the  severity  of  the  launch  cycle  used  determines 
the  life  of  gun  components,  and  therefore  the  maximum  per¬ 
formance  is  related  to  acceptable  operational  costs. 


Scaling  of  guns  is  governed  by  the  similarity  parameters  for  propel¬ 
lant  and  projectile  motion.  With  perfect  gas  propellant,  and  neglecting 
effects  of  losses,  these  are  as  follows: 

ao  p/p0*  p/po’  T/TOJ  a/a01  l0  p0/(a0  p ^  =  /3  P0/(ao  P/  f)  (30) 

where  ao,  po,  Pa,  etc,  are  reference  parameters  of  state  (e.  g. ,  at  the 
projectile  base),  pt  is  the  projectile  density,  ~  j3d  and  iL  =  ed  are 
barrel  and  projectile  lengths,  respectively.  The  factor  p£  e/fi  is  equal 
to  the  projectile  mass  per  unit  barrel  volume. 


For  a  constant  acceleration  cycle 


Po 


ul  Pif 
2  /3 


projectile  kinetic  energy  per  unit  barrel  volume 


(31) 


4 .1  LIMITATIONS  OF  GUN  PERFORMANCE* 

In  terms  of  gas-dynamic  variables  alone,  the  solution  for  u,  pp 
(Fig.  10,  real  H2  )  for  a  constant  acceleration  flow  indicates  that,  in  a 
practical  case  in  which  the  pump  tube  pressure  pp  and  the  propellant 
velocity  of  sound  aa  (i.  e. ,  temperature  T0  )  are  restricted  to  some 
maximum  values,  the  maximum  velocity  attainable  depends  on  the  mini¬ 
mum  acceptable  base  pressure.  However,  in  view  of  Eq.  (31),  the 


*In  the  discussion  which  follows,  vacuum  has  been  assumed  in  the 
gun  barrel  ahead  of  the  projectile,  and  only  the  velocity  attained  during 
the  period  of  constant  acceleration  was  considered.  In  practice,  a 
higher  velocity  would  be  attained  in  a  Longer  barrel  because  of  accel¬ 
eration  during  the  period  of  base  pressure  decay. 
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practical  difficulty  of  decreasing  base  pressure  is  immediately  apparent. 
Moreover,  the  velocity  gains  which  could  be  realized  through  decrease 
of  ('fi  or  increase  of  a0  and  Pp  would  be  reduced  by  losses  which  such 
changes  enhance;  the  possibility  of  projectile  density  decrease  would 
depend  on  matching  material  strength  properties  to  the  base  pressure. 

In  order  to  gain  some  insight  into  the  numbers  involved  in  idealized 
practice  (i.  e. ,  based  on  the  constant  base  pressure  cycle),  muzzle 
velocity  is  shown  in  Fig.  16  in  terms  of  base  pressure  and  projectile 
specific  gravity  (Eq.  (31))  for  a  launcher  with  f  =  0.5  and  /3  =  300.  The 
performance  possible  with  the  real  hydrogen  cycle  as  given  by  Fig.  10 
with  a0  =  ]],096  ft -'sec  (T0  =  1600“  k)  and  pp  =  too  kpsi  is  indicated  by 
curve  a".  As  a  situation  related  to  practical  experience,  the  point 
for  a  Lexan®*  projectile  (specific  gravity  1.2)  is  marked:  it  corre¬ 
sponds  to  a  velocity  of  38.  6  kft/sec  and  a  base  pressure  of  20  kpsi.  The 
corresponding  maximum  propellant  temperature  is  3200°K. 

It  is  interesting  to  note  that  this  performance  comes  close  to  the 
maximum  reported  for  guns:  maximum  velocities  between  32  and 
37  kft/sec  have  been  attained  with  guns  from  0.  5  in.  to  0.  22  in.  caliber. 
The  approximate  range  of  projectile  weights  and  velocities  currently 
attainable  is  shown  in  Fig.  17,  in  which  data  points  reported  by  major 
laboratories  are  plotted.  Even  for  weights  as  small  as  0.  01  gm,  the 
apparent  performance  limit  does  not  extend  beyond  40  kft/sec.  t 

Measurements}  indicate  that  in  the  actual  high-speed  launchings 
the  constancy  of  the  base  pressure  is  only  poorly  approximated,  and 
maximum  base  pressures  exceeding  two  or  more  times  the  minimum 
(corresponding  to  constant  acceleration)  required  have  been  observed. 
This  is  apparent  from  Figs.  18  and  19,  in  which  typical  recorded  and 
calculated,  high-speed  launch  base  pressure  histories  are  shown  (e,  g. , 
for  the  case  of  Fig.  18  the  maximum  base  pressure  is  approximately 
3.  5  times  the  constant  base  pressure  value  and  for  Fig.  19  about 
7  times).  The  example  discussed  above  may  therefore  be  regarded  as 


*Lexan  is  a  polycarbonate  resin  product  of  the  General  Electric 
Company,  Chemical  Materials  Department,  Pittsfield,  Mass. 

^The  boundary  corresponding  to  the  1961  period,  as  published  in 
Ref.  7,  is  also  shown  in  Fig.  17.  Evidently  little  progress  was  made 
during  the  last  five  years. 

}The  base  pressure  is  estimated  from  the  x,  t  measurements  of  the 
projectile  motion  in  barrel  obtained  with  the  microwave  refleetometry, 
cf.  ,  Ref.  6. 
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the  constant  base  pressure  equivalent  of  the  present  practice.  On  the 
assumption  that  in  the  future  constant  acceleration  cycles  could  be 
more  closely  approximated,  some  possibilities  of  attainment  of  higher 
speeds  are  discussed  next  in  quantitative  terms.  The  specific  solution 
obtained  for  real  hydrogen  (Fig.  10)  was  assumed  to  apply  (in  dimen¬ 
sionless  form)  in  all  cases  considered. 

A  launch  cycle  limited  to  certain  maximum  values  of  pp  and  a0 
offers  no  possibility  of  increased  velocity,  unless  projectiles  of  smaller 
density  can  be  used  and/or  the  parameter  f//3  decreased,  but  does  allow 
lower  velocities  with  denser  and  longer  projectiles.  In  the  particular 
case  of  the  launch  cycle  represented  by  curve  "a".  Fig.  16,  a  50-kft/sec 
velocity  could  be  reached  with  a  9.  3-kpsi  base  pressure  with  the  follow - 


ing  projectile -gun  combinations: 

Specific 

Gravity  e 

& 

Relative  Launch 
Duration* 

1.  2 

1/3 

728 

1.  85 

0.  6 

1/3 

364 

0.  93 

1/3 

1/2 

300 

0.  76 

'^Normalized  by  the  launch  duration  for 
Lexan  at  38.6  kft/sec,  curve  "a".  Fig.  16. 

It  is  seen  that,  for  the  density  of  Lexan  (1.  2),  in  spite  of  a  shorter 
projectile  (d/3),  a  very  long  barrel  (728  d)  would  be  required;  moreover, 
the  duration  of  launch  as  compared  with  the  38.  6-kft/sec  case,  would 
increase  (as  would,  e.  g.  ,  heat  losses)  by  85  percent.  More  practical 
projectile /gun  configurations  correspond  to  a  lower  density  range  in 
which,  as  will  be  discussed  later,  sufficiently  strong  materials  are  not 
available. 

Higher  performance  launch  cycles  are  indicated  in  Fig.  16  by 
curves  'b'1  and  "c";  curve  "bIT  corresponds  to  a  maximum  pump  tube 
pressure  of  800  kpsi  (rather  than  400  kpsi  for  curve  ria"),  whereas 
curve  "c"  is  drawn  for  double  the  propellant  temperature  (or 
an  =  15.  7  kft/sec).  Either  of  these  changes  results  in  attainment  of 
higher  velocity  at  a  given  projectile  density  and  gun /projectile  configu¬ 
ration.  For  example,  a  velocity  47.  2  kft/sec  is  obtained  with  Lexan 
by  doubling  the  initial  propellant  temperature.  The  maximum  propel¬ 
lant  temperature  is  increased  by  85  percent,  to  5920°K,  and  the  base 
pressure  by  50  percent,  to  30  kpsi. 
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Current  experience  indicates  that,  provided  the  constant  base  pres¬ 
sure  cycle  is  more  closely  approached,  gains  in  velocity  may  be  possible 
through  such  higher  performance  cycles.  It  is  apparent  that  in  the 
launches  which  are  close  in  performance  to  the  38.  6-kft/sec  Lexan  shot 
(Fig.  16,  curve  "a"),  base  pressures  and  maximum  propellant  pressures 
and  temperatures  are  considerably  exceeded  over  the  idealized,  constant 
pressure  values,  while  satisfactory  projectile  integrity  and  acceptable 
rate  of  deterioration  of  gun  components  are  maintained.  It  should  there¬ 
fore  be  possible  to  apply  such  extreme  conditions  also  to  the  constant 
pressure  cycles,  and  thus  increase  muzzle  velocity. 

As  regards  projectile  materials,  the  advantage  offered  by  Lexan 
(or  other  strong  plastics  in  the  specific  gravity  range  of  one)  is  indi¬ 
cated  by  Fig.  16.  On  the  assumption  that  the  maximum  base  pressure 
to  which  any  material  can  be  subjected  is  related  to  its  strength 
properties  (ultimate  tensile  and  yield  stress),  the  areas  occupied  by 
various  materials  are  shown,  covering  the  range  from  plastics  to  high 
strength  steels. 

No  materials  of  low'  density,  with  which  high  speeds  could  be 
attained  at  low  base  pressures,  appear  available.  From  experimental 
measurements*  it  is  known  that  Lexan  is  capable  of  withstanding  base 
pressures  as  high  as  125  kpsi,  and  therefore,  provided  launch  cycles 
utilizing  higher  pressures  and  temperatures  are  perfected,  this  mate¬ 
rial  offers  the  possibility  of  attaining  higher  maximum  speeds  than  are 
now  available,  or  launching  heavier  projectiles  at  lower  speeds.  In  view 
of  the  indicated  "dynamic  strength"  of  Lexan,  the  application  of  light 
metals  (e.  g. ,  Mg,  Li,  Be,  Al,  and  their  alloys)  offers  no  advantage  in 
terms  of  velocity;  other  high  strength  materials  (Ti,  steels)  fall  outside 
of  the  useful  density  range. 


4.2  LINEAR  SCALING  OF  GUNS 

The  application  of  a  given  launch  cycle,  capable  of  a  specific 
velocity  at  a  certain  base  pressure,  to  guns  of  different  calibers  is  of 
practical  interest.  Equation  (31)  indicates  that  the  gun  performance 
will  remain  unchanged  provided  the  quantity  r p^/0  remains  constant,  and 
assuming  a  scaling  of  the  effects  of  losses.  Thus,  for  a  given  projectile 
density  or  material  (which  would  be  expected  to  remain  unchanged. 


*The  base  pressure  is  estimated  from  the  x,  t  measurements  of 
the  projectile  motion  in  barrel  obtained  with  the  microwave  reflec- 
tometry,  cf. ,  Ref.  6. 
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having  to  sustain  the  same  base  pressure  or  stress),  the  projectile 
length  and  its  weight  per  unit  bore  area  hdpz)  scale  linearly  with 
caliber*,  as  does  the  barrel  length  {^d). 

In  practical  applications  to  high-speed  guns,  the  first  stage  is 
similarity  scaled  by  keeping  the  ratio 

■*  p  Pp/^pt  =  piston  mass/pump  tube  volume 

constant,  as  well  as  the  piston  velocity,  the  gas-dynamic  parameters 
(i.  e. ,  the  initial  propellant  charge  pressure  and  temperature),  and  the 
projectile  release  pressure.  Since  large  piston  lengths  are  involved, 
it  is  often  preferable  to  increase  average  piston  density  as  the  caliber 
increases,  rather  than  increase  the  piston  length. 

The  interest  in  the  scaling  of  guns  stems  from  the  possibility  of 
developing  high  performance  launchers  on  small  scale  and  applying  the 
results  to  larger  calibers,  thus  avoiding  costly  and  time  consuming, 
large-scale  experimental  programs.  The  validity  of  linear  scaling  was 
recently  examined  in  the  VKF,  and  the  results  are  shown  in  Figs.  18 
and  19, 

In  Fig.  18  the  measurements^  of  base  pressure  made  on  two  shots 
are  compared  with  the  values  calculated  by  the  VKF  digital  program. 

The  data  were  obtained  Avith  a  0.5 -in.  -caliber  gun;  the  other  parameters 
are  indicated  in  Fig.  18.  Except  for  the  peak  base  pressure,  the  agree¬ 
ment  between  observation  and  calculation  is  good,  both  with  respect  to 
the  history  of  the  base  pressure  and  the  muzzle  velocity. 

Equally  satisfactory  comparisons  were  obtained  for  a  wide  variety 
of  launch  velocities  and  gun  calibers  (0.  375  to  2.  5  in.  ),  and  on  this 
basis  the  VKF  computational  method  is  considered  adequate  for  use  in 
examination  of  linear  scaling  of  guns,  t  The  results  of  scaling  of  a 
0.  375-in.  -caliber  gun  cycle  to  0.  5  and  2.  5-in.  caliber  sizes  are  shown 
in  Fig.  20.  The  departures  from  the  exact  linear  scaling  in  the 


*If  the  restriction  on  density  or  e  or  both  were  lifted,  the  caliber 
alone  could  be  varied,  d  «  1  /Up  ),  irrespective  of  the  barrel  length. 

tThe  base  pressure  is  estimated  from  the  x,  t  measurements  of  the 
projectile  motion  in  barrel  obtained  with  the  microwave  reflectometry, 
cf. ,  Ref.  S. 

tThe  VKF  computational  method  allows  for  real-gas  thermodynamics, 
gas  and  piston  friction,  and  plastic  deformation  of  piston  in  the  pump 
tube-barrel  transition  section. 
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parameters  as  used  are  noted  in  Table  V.  The  2.  5 -in.  -caliber  gun  was 
scaled  exactly  from  the  0.  375 -in.  -caliber  gun.  The  0.  5 -in.  -caliber 
gun,  an  existing  one,  closely  approximated  linear  scaling  of  the 
0.  375-in,  -caliber  gun,  but  had  a  different  shape  of  the  pump  tube-launch 
tube  transition;  also,  a  slightly  lower  release  pressure  was  assumed 
and  estimated.  The  main  difference  was  in  the  higher  piston  velocities 
in  the  case  of  the  0.  5 -in.  -caliber  gun,  which  resulted  in  higher  peak 
base  pressure  and  higher  launch  velocity.  However,  excellent  agree¬ 
ment  was  obtained  for  the  0.  375 -in.  -  and  2.  5-in.  -caliber  guns,  i.  e., 
over  a  linear  scale  range  of  6.  67,  for  which  the  same  piston  velocity 
was  used.  The  linear  scaling  principle  was  also  confirmed,  in  terms 
of  muzzle  velocity,  by  performance  measured  with  0.  375-in.  -  and 
0.5-in.  -caliber  launchers  at  the  30-kft/sec  level,  using  the  cycle  of 
Figs.  18  and  19. 

In  Table  V  the  maximum  computed  pump  tube  pressure  is  also 
given.  The  value  of  this  pressure  is  critically  dependent  on  the  shape 
of  transition  between  the  pump  tube  and  barrel.  Although  good  agree¬ 
ment  is  indicated  for  the  0.  375-in.  -  and  2.5-in.  -caliber  launchers 
(geometrically  identical  guns),  a  much  higher  pressure  is  indicated  for 
the  0. 5-in. -caliber  gun,  presumably  because  of  a  more  abrupt  transition 
in  this  launcher. 

It  is  of  interest  to  examine  the  present  state  of  the  art  in  terms  of 
linear  scaling,  Figure  17  clearly  indicates  that  in  general  practice  the 
linear  scaling  of  guns  has  not  been  realized,  the  maximum  velocity 
boundary  showing  a  decrease  with  increasing  projectile  weight  or  caliber. 
For  example,  the  application  of  linear  scaling  to  a  1-gm,  32-kft/sec 
launch  with  a  0.  5-in.  -caliber  gun  indicates  the  possibility  of  a  1-kg 
launch  at  the  same  speed  from  a  5 -in.  -caliber  gun,  whereas  the  actual 
record  for  this  weight  is  below  20  kft/sec.  This  situation  reflects 
practical  difficulties  in  scaling  up  hardware  subjected  to  extreme  pres¬ 
sures,  mounting  costs,  and  a  technological  lag  between  availability  of 
experimental,  small-scale  equipment  and  large-scale  facilities.  It  is 
clear  that  optimization  of  launch' cycles  toward  the  constant  pressure 
ideal,  and  corresponding  reduction  of  extreme  cycle  pressures,  would 
facilitate  development  of  large,  high-speed  guns. 


SECTION  V 
CONCLUSIONS 


Solutions  for  isothermal,  isentropic,  and  constant  Mach  number 
(at  a  specified  location)  flows  with  constant  acceleration  are  obtained. 
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It  is  shown  that  in  application  to  high-speed  guns,  these  solutions 
necessitate  variable  gun  geometry  or  heating  of  the  propellant;  both 
requirements  are  considered  at  present  impractical.  Numerical  solu¬ 
tions  which  give  constant  projectile  acceleration  in  a  fixed-geometry 
gun  are  computed  for  ideal  and  real  hydrogen  propellant.  Using  the 
latter,  and  the  appropriate  similarity  parameters,  as  well  as  practical 
constraints  related  to  gun  and  projectile  geometry  and  strength,  it  is 
shown  that  a  substantial  increase  in  muzzle  velocity  could  be  obtained 
if  the  constant  base  pressure  cycle  were  more  closely  approximated  in 
actual  launchings. 

At  present  the  velocity  attained  with  large  caliber  guns  is  much 
smaller  than  with  the  small  ones.  In  this  connection,  the  validity  of 
linear  scaling  of  guns  and  the  resulting  possibility  of  application  of 
small-scale  developments  to  large  caliber  guns  are  indicated. 
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Fig.  1  Pressure  and  Density  Distribution  in  Isothermal  Flow 
(Isothermal  Atmosphere,  y  «=  1.4) 
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Fig.  2  Isothermal  Flow 
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Fig.  4  Isentfopie 


Fig-  7  Typical  Gun  Configuration  (Final  Stage  of  a  Light-Gas  Gun) 
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Fig.  10  Variation  of  Pump  Tube  Pressure  with  Characteristic  Time  t" 
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a  Isentropic,  Homogeneous  Flow 
b  Nonisentropic,  M0  ■  1  Flow  (  y  - 1.4 
c  Isentropic,  Nonhomogeneous  Flow  ) 

d  Isentropic  (Homogeneous  and  Non¬ 

homogeneous}  Flow,  Real  H2 


1  luhti  1  m  1  n  m  t  m  :  m  m  m  1  m  n  m  r  1  •  1 : 1 1 : 1 , 1  m  ;  1  m  1 11 1 : 1  i  m  11 ; 

0  1  2  3  4  5  6  7 

t"  -  u 


Fig.  11  Variation  of  Pump  Tube  Temperature  with  Characteristic  Time  t" 
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Fig.  12  Nonhomogeneous  Solution  for  Constant  Geometry 
and  Acceleration,  Isentropic  Launch  Cycle 
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Fig.  13  Choracteristic  Solution  of  Nonhomogeneous, 
Isenfropic  Flow  (y  =  1.4) 
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Fig.  14  Rates  of  Moss  Flow  for  Homogeneous  ond  Honhomogeneous,  Isentropic  Solutions 
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Fig.  15  Characteristic  Solution  of  Nonhomogeneous  Flow  of  Real  Hydrogen 
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Fig.  16  Performance  of  Guns  ond  Material 
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Symbol 

Launch 

o 

Computation 

Projectile  Weight,  gm 

1.264 

1.264 

Piston  Weight,  gm 

700 

700 

PumpTube  Pressure,  psia 

50 

50 

Release  Pressure,  psi 

-18,000 

18,000 

Launch  Velocity,  ft/sec 

30,300 

31,730 

Piston  Velocity,  ft/sec 

3600 

3591 

Maximum  Pressure,  psi 

- 

340,000 

Equivalent  Constant 

Base  Pressure,  psia 

17,  500 

21,300 

Pq,  psia 


Equivalent  Constant 
Base  Pressure  / 

-Sr-  Computation  / 
— \-Launch  / 


Fig-  18  Measured  and  Computed  Base  Pressure  in  a  0.5-in. -caliber  Gun  (Low  Base  Pressure  Peak) 


36 


A  £  DC-T  R-66-181 

*  I  I 


Launch 

Launch 

Computation 

Symbol 

o 

o 

— 

Projectile  Weight,  gm 

0.97 

0.96 

0.966 

Piston  Weight,  gm 

128 

128 

130 

Pump  Tube  Pressure,  psia 

160 

160 

161 

Release  Pressure,  psi 

-1500 

-1500 

1500 

Launch  Velocity,  ft/sec 

30, 100 

29, 700 

29, 754 

Piston  Velocity,  ft/sec 

5100 

5400 

5187 

Maximum  Pressure,  psi 

- 

- 

600,000 

Equivalent  Constant 

Base  Pressure,  psia 

15,500 

15,200 

13, 700 

Fig.  19  Measured  andComputed  Base  Pressure  in  a  0.5-in. -caliber  Gun  (High  Base  Pressure  Peat) 


37 


AEDC-TR-66-181 


AEDC-TR-66-18? 


TABLE  l 

ISENTROPIC  FLOW,  y  =  1.4 


*o 

t” 

At  x  =  0 

T 

P 

5P 

a 

T 

P 

P 

pu 

Isentropic,  homogeneous  flow 

0 

0 

1.000 

1.000 

1 .000 

1.00 

0 

1.000 

1.000 

0.2 

0 . 22 

1 .004 

1.008 

1.029 

1.021 

0.204 

1.016 

1.0  57 

0.4 

0.48 

1.016 

1.032 

1.116 

1.081 

0.433 

1.064 

1.242 

0.5 

0.63 

1.026 

1.050 

1.186 

1.129 

O.  565 

1.100 

1.396 

0.6 

0.775 

1.035 

1.072 

1.275 

1.189 

0.714 

1.144 

1.602 

0.8 

1.110 

1.062 

1.129 

1.524 

1.351 

1 .081 

1.256 

2.220 

1.0 

1.475 

1.095 

1.200 

1.893 

1.577 

1.577 

1.400 

3.247 

1.118 

1.708 

1.118 

1.25 

2.184 

1.747 

1.953 

1.500 

4.134 

1.5 

2.525 

1.205 

1.45 

3.676 

2.53 

3.8 

1.9 

9.45 

2 

3.710 

1.34 

1.8 

7.812 

4.34 

8.68 

2.6 

28.25 

2.5 

5 

1.5 

2.25 

17.09 

7.58 

18.95 

3.5 

80 

3 

6.36 

1.67 

2.8 

36.76 

13.1 

39.3 

4.6 

208 

Isentropic,  nonhomogeneous  flow  (M-  „  =  1) 

A  V 

1.358 

2.208 

1.201 

1.44 

3.612 

2. 502 

3.004 

1.73 

6.837 

1.582 

2.708 

1.285 

1.65 

5.775 

3.497 

4.494 

1.98 

10.93 

1.793 

3.208 

1.368 

1.87 

8.967 

4.788 

6.550 

2.24 

16.97 

1.995 

3.708 

1.451 

2.10 

13.56 

6.433 

9.335 

2.52 

25.68 

2.190 

4.208 

1.535 

2.35 

20.05 

8. 51 

13.06 

2.83 

37.95 

2.380 

4.708 

1,618 

2  .62 

29.03 

11.08 

17.92 

3.14 

54.95 

2.564 

5.208 

1.701 

2.89 

41.26 

14.24 

24.22 

3.47 

78.10 

2.745 

5.708 

1.785 

3.18 

57.66 

18.08 

32.28 

3.82 

109.15 

2,923 

6.208 

1  .868 

3.48 

79.36 

22.71 

42.43 

4.18 

150.24 

3.000 

6.428 

1.905 

3.62 

90.93 

25.03 

47  .69 

4.35 

172.13 

39 


TABLE  II 

HYDROGEN  THERMODYNAMIC  DATA  FOR  s/R  =  16,  T  -  100  (100)  3900ftK  (Ref.  5) 


T,  °K 

l°6l0  P 
(amagat) 

1OE10  P 

(atm) 

loE10  H/R 
(°K) 

y 

a/4120.8 

Z 

a-'RT 

Z* 

100. 

-5.8046-01 

-1.0171 

00 

2.5820  00 

1.5008  00 

6.2647-01 

9.9997-01 

3.8192  00 

10.0000-01 

200. 

2.1042-02 

-1.1438 

-01 

2. 8353  00 

1.4678  00 

8.7639-01 

1.0005  00 

3.4261  00 

10.000001 

300. 

4.4115-01 

4 .8238 

Loi 

3.0108  00 

1.4140  00 

1.0542  00 

1.0018  00 

3.4171  00 

10.0000-01 

400. 

7. 5178  01 

9 . 1890r01 

3.1385  00 

1,4055  00 

1,2149  00 

1.0040  00 

3.4389  00 

10.0000-01 

GOO. 

9.9410-01 

1.2595 

00 

3.2378  00 

1.4075  00 

1.3615  00 

1.0073  00 

3. 4581  00 

10.0000-01 

600, 

1.1921  00 

1.5386 

00 

3.3191  00 

1.4118  00 

1.4970  00 

1,0117  00 

3.4746  00 

10.0000  01 

700. 

1.3594  OO 

1.77  53 

00 

3.3880  00 

1.4169  00 

1 ,6243  00 

1.0173  00 

3.4907  00 

10.0000-01 

800. 

1.5046  00 

1.9815 

00 

3.4481  00 

1.4223  00 

1.7458  00 

1.0243  00 

3.5080  00 

10. 0000-01 

900. 

1  .6333  00 

2.1649 

00 

3.5018  00 

1.4281  00 

1.8631  00 

1.0327  00 

3.5279  00 

10.0000-01 

1000. 

1.7491  00 

2,3306 

00 

3.5504  00 

1,4347  00 

1.9779  00 

1.0427  00 

3.5510  00 

10.0000-01 

1100. 

1.8547  00 

2.4825 

00 

3.5950  00 

1.4424  00 

2.0917  00 

1.0545  00 

3.5779  00 

10.0000-01 

1200. 

1.9519  00 

2.6231 

00 

3.6366  00 

1.4517  00 

2.2060  00 

1.0683  00 

3.6089  00 

10,0000-01 

1300. 

2 .0420  00 

2,7544 

00 

3.6755  00 

1.4629  00 

2,3220  00 

1.0841  00 

3.6439  OO 

lO.OUOO-01 

1400. 

2.1260  00 

2.8778 

00 

3.7123  00 

1.4765  00 

2.4410  00 

1.1023  00 

3.6830  00 

1.0000  00 

1500 . 

2,2046  00 

2.9945 

00 

3.7474  00 

1.4927  00 

0.5644  00 

1 . 1 232  00 

3.7264  00 

10.0000  01 

1600. 

2.2784  00 

3.1052 

00 

3.7809  00 

1.5116  00 

2.6927  00 

1.1465  00 

3.7737  00 

in.OOOO-01 

1700. 

2.3477  00 

3.2108 

00 

3.8131  00 

1.5335  00 

2.8277  00 

1.1729  00 

3.8252  00 

1.0000  01 

1800. 

2.4136  00 

3.3117 

00 

3.8442  00 

1.5582  00 

2.9697  00 

1.2024  00 

3.8810  OO 

io.onoo-01 

1900. 

2.4746  00 

3,4085 

00 

3.8743  00 

1,5853  00 

3.1189  00 

1.2350  00 

3.9408  00 

10.0000-01 

2000, 

2.5326  00 

3. 5013 

00 

3.9036  00 

1.6149  00 

3.2767  00 

1.2713  00 

4.0051  00 

10.0000-01 

2100. 

2.5874  00 

3 . 5907 

00 

3.9322  00 

1 . 6480  00 

3.4449  00 

1.3113  00 

4.0738  OO 

10.0000-01 

2200. 

2.6391  00 

3.6768 

00 

3.9602  00 

1.6840  00 

3.6227  00 

1.3546  00 

4.1469  00 

10.0000-01 

2300, 

2.6879  00 

3.7599 

00 

3.9875  00 

1.7207  00 

3.8090  00 

1,4019  00 

4.2246  OO 

10.0000  01 

2400. 

2.7341  00 

3.8402 

00 

4.0144  00 

1.7583  00 

4.0049  00 

1.4534  00 

4.3071  00 

10.0000-01 

2  GOO. 

2.7777  00 

3.9179 

00 

4.0408  00 

1.8000  00 

4.2143  00 

1.5093  00 

4  3943  00 

10-0000-01 

2600. 

2.8189  00 

3 . 9930 

00 

4.0669  00 

1.8460  00 

4.4374  00 

1.5689  00 

4.4865  OO 

10.0000-01 

2700. 

2.8578  00 

4.0657 

00 

4 .0926  00 

1,8912  00 

4.6688  00 

1.6324  00 

4.5839  00 

10. 0000-01 

2800. 

2.8947  00 

4.1363 

00 

4.1180  00 

1.9348  00 

4.9083  00 

1.7O06  00 

4.6862  00 

10.0000-01 

2900. 

2.9296  00 

4.2047 

00 

4.1431  00 

1.9791  00 

5.1594  00 

1.7736  00 

4 .7937  OO 

in.OOOO-01 

3000. 

2.9628  00 

4,2711 

00 

4.1679  00 

2.0241  00 

5,4222  00 

1.8515  00 

4.9062  00 

10.0000-01 

3100. 

2.9943  00 

4.3355 

00 

4.1924  00 

2.0703  00 

5.6973  00 

1.9341  00 

5.0239  00 

10.0000-01 

3200. 

3.0242  00 

4.3981 

00 

4.2167  00 

2.1174  00 

5.9847  00 

2.0215  00 

5.1469  OO 

10,0000-01 

3300. 

3.0526  00 

4 .4589 

00 

4.2408  00 

2.1660  00 

6.2853  00 

2.1136  00 

5.2753  00 

10.0000-01 

3400. 

3.0795  00 

4.5180 

00 

4.2646  00 

2.2166  00 

6.5999  00 

2.2103  00 

5.4093  00 

io.oono-01 

3500. 

3.1052  00 

4.5755 

00 

4.2883  00 

2.2688  00 

6.9279  00 

2.3114  00 

5.5488  00 

1.0000  00 

3600. 

3.1295  00 

4.6315 

00 

4,3117  00 

2.3230  00 

7.2701  00 

2.4169  00 

5.6941  00 

l.oooo  oo 

3700. 

3.1527  00 

4.6859 

00 

4.3350  00 

2.3802  00 

7.6281  00 

2.5267  00 

5.8455  00 

1.0000  oo 

3800. 

3.1747  00 

4.7389 

00 

4.3581  00 

2.4399  00 

8.0015  00 

2.6406  00 

6.0030  00 

10.0000-01 

3900. 

3.1956  00 

4. 7905 

00 

4.3811  00 

2,4710  00 

8.3379  00 

2.7587  00 

6.1669  00 

1.0000  oo 

Molecular  Weight  ■■  2.016  y  =  (d  log  p/d  log  p)^  At  T  =  300°K,  p  =44.6  psia, 

R  =  1381  ft/°K  Z+  =  number  of  moles  per  mole  p  =  2.7616  amagat, 

n  jt  at  273.15°K,  1  atm  .ojo  .... 

Z  -  p/(gpRT)  ’  24  a  4343  ft/sec 

1  amagat  ■*  1.744  x  10"'’  lb-sec  /ft 
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TABLE  III 

HYDROGEN  DATA  FOR  CHARACTERISTIC  COMPUTATIONS 

p. 

T,  °K  T  lb-sec2/ft4  p  p,  lb/ft2  p  a,  ft/f.ec 


L  60000+03  1.00000+00  3.31102-02  1.00000+00 
1.70000+03  1. 06250+00  3.88384-02  1.17301+00 
! .80000+03  1.12500+00  4  51400-02  1.36333100 

1  90000+03  1.18750+00  520189-02  1.57109'00 
2.00000+03  1  25000+00  5.94513-02  1.79556+00 
2.10000+03  1.31250+00  S  74468-02  2  03704+00 
2.20000+03  1.37500+00  7.59734-02  2.29456+00 
2. 30000 '03  1.43750+00  8.50083-02  2.56744+00 
2.40000+03  1.50000+00  9  45500-02  2.85562+00 
2.50000+03  1 . 56250+00  1.04535-01  3.15718+00 
2.60000+03  1.62500+00  1.14937-01  3.47136+00 

2  70000+03  1.68750+00  1  25708-01  3,79664100 
2  80000+03  1.75000+00  1  36855-01  4.13333+00 
2.90000+03  1.81250+00  1.48307-01  4  47920+00 
3.00000+03  1.87500+00  1  60089-01  4  83504+00 
3.10000+03  1.93750+00  1  72132-01  5.19876+00 
3.20000+03  2.00000+00  1.B4400-01  5.56929+00 
3.30000+03  2.06250+00  1.96862-01  5.94566+00 
3.40000+03  2.12500+00  2.09441-01  6,32557+00 
3.50000+03  2  18750+00  2.22209-01  6.71120+00 
3.60000+03  2.25000+00  2.34997-01  7,09741+00 
3.70000+03  2.31250+00  2.47891-01  7.48686+00 
3.60000+03  2.37500+00  2.60772-01  7.87590+00 
3.90000+03  2.43750+00  2.73629-01  8.26418+00 


2,69624+06  1.00000+00  1.10961+04  1.00000+00 
3.43842+06  1,27526+00  1.16524+04  1.05014+00 
4.33769+06  1,60879+00  1,22375+04  1.10387+00 
5.42074+06  2,01048+00  1.28524+04  1.15628+00 
6.71210+06  2,48943+00  1.35026+04  1.21683+00 
8.24629+06  3  05844+CO  1.41957+04  1.27935+00 
1  00545+07  3.72907+00  1.49284+04  1.34538+00 
L. 21747+07  4  51544+00  1  56961+04  -1.41457+00 
l. 46473+07  5  43250+00  1.65034+04  1.48732+00 
1.75170+07  6 . 496B1+G0  1  73663+04  1.56508+00 
2.08237+07  7  72325+00  1,82856+04  1.64794+00 
2.46183+07  9,13061+00  1.92392+04  1.73387+00 
2.89640+07  1.07424+01  2.02261+01  1.82282+00 
3.39046+07  1.25748+01  2.12609+04  1  91607+00 
3.95036+07  1.46521+01  2.23438+04  2  01367+00 
4.58204+07  1.69942+01  2.34774+04  2.11383+00 
5.29247+07  1.96291+01  2.46618+04  2,222Sb+nO 
6.08778+07  2.25788+01  2.59005+04  2.33420+00 
6.97523+07  2  58702+01  2.71969+04  2.45103+00 
7.96267+07  2,95325+01  2.85485+04  2.57285(00 
9.05855+07  3.35970+01  2.99586  +  04  2.69993+00 
1.02674+08  3.80803+01  3.14339+04  2.83288+00 
1.16000+08  4,30229+01  3.29726+04  2.97L35+U0 
1.30635+08  4.84507+01  3  43588+04  3.09648+00 


>#+ 


T,  _ -x0 _ tc _ F _ F  +  a _ >1 

1.60000+03  0.00000+00  0.00000+00  0.00000+00  1.00000+00  0.00000+00 


1.70000+03  1.68631-01  5.80743-01 
1,80000+03  3.42605-01  8.27775-01 
1.90000+03  5.23695-01  1.02342+00 
2.00000+03  7.11885-01  1.19322+00 
2.10000+03  9.08269-01  1.34779+00 
2.20000+03  1.11305+00  1.49201+00 
2 . 20000+03  1.32697+00  1.62909+00 
2.40000+03  1.55063+00  1. 76104+00 
2.50000+4)3  1.78473+00  1.88930+00 
2.60000+03  2.02944+00  2.01466+00 
2.70000+03  2.28552+00  2.13800+00 
2.30000^-03  2.55432+00  2.26023+00 
2.90000+03  2  83570+00  2.38147+00 
3.00000+03  3  13065+00  2.50226+00 
3.10000+03  3.43935+00  2.62273+00 
3.20000+03  3,76296+00  2.74334+00 
3.30000+03  4.10173+00  2.86417+00 
3.40000+03  4.45645+00  2.98545+00 
3.00000+03  4.82797+00  3.10740+00 
3,60000+03  5.21723+00  3.23024+00 
3.70000+03  5.62378+00  3.35374+00 
3 , 50000-03  6.04927+00  3.47829+00 
3.90000+03  6.49437+00  3.60399+00 


1.64926-01  1.21506+00  5.53017-01 
3.26531-01  1.42940+00  7  50564-01 
4.86704-01  1,64438+00  6.63570-01 
6.45178-01  1.86206+00  9.B0S53-O1 
8.02538-03  2.08189+00  1,05350+00 
9.58591-01  2.30397+00  1,10899+00 
1.11362+00  2.52819-00  1.15166+00 
1.26779+00  2.75510+00  1,18404+00 
1.42120+00  2.98628+00  1,20716+00 
1  37354+00  3.22148+00  1,22254+00 
1,72500+00  3.45B88+00  1.23308+00 
1,87616+00  3 .69BS8-00  1  23997+00 
2.02670+00  3.94277+00  1  24289+00 
2.17683+00  4.19050-00  1,24264+00 
2.32636+00  4. 44239+00  1,23957+00 
2.47556+00  4.69B13+00  1.23431+00 
2.62427+00  4  95B47+00  1.22704+00 
2.77255+00  5.22358+00  1  21804+00 
2.92047+00  5.49332+00  1.20777+00 
3,06814+00  5.76B07+00  1.19642+00 
3,21513+00  6.04801+00  1.18386+00 
3  36173+00  6 . 33328+00  1.17053+00 
3.50856+00  6.60505+00  1  16390+00 


H  -  tQ/a 


Initial  Conditions 
(x  “0,  t  =  0) : 

T  -  1600°K 

p  -  2.69624  x  10e  psf 
=  18,720  pei a 
a  =■  11,096.1  ft/sec 
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TABLE  IV 

ISEHTR0P1C  FLOW,  REAL  HYDROGEN 


*0 

T" 

a 

T 

At  x  =  0 

P 

P 

pu 

TP 

Isentropic,  homogeneous  flow 

0 

0 

1 

1 

1 

1 

0 

1 

1 

0.581 

0.746 

1.050 

1.062 

1.275 

1.17 

0.68 

1.13 

1.6 

0.828 

1.154 

1.103 

1.125 

1.609 

1.36 

1.126 

1.25 

2.5 

1.023 

1.510 

1.158 

1.187 

2.010 

1.57 

1 .606 

1.35 

3.5 

1.231 

1.914 

1.231 

1.265 

2.615 

1.88 

2.315 

1.47 

5.1 

1.629 

2.743 

1.415 

1.437 

4.515 

2.567 

4  .18 

1.77 

11 

2  .138 

3.863 

1.734 

1.687 

9.131 

3.797 

8.11 

2.18 

28.7 

2.623 

4.949 

2.116 

1.937 

16.99 

5.199 

13.64 

(2.5) 

(55) 

3.107 

6.027 

2.573 

2.187 

29.53 

6  .711 

20.86 

— 

— 

3.604 

7.113 

3.096 

2.437 

48.45 

8.264 

29.8 

— 

— 

Isentropic,  nonhomogeneous  flow  (Uj_q  ■  1) 

1.427 

2.314 

1.348 

1.378 

3.762 

2.3 

3.1 

1.62 

7  .7 

1 .616 

2.714 

1.474 

1.489 

5.258 

2.76 

4.1 

1.76 

11 

1  .800 

3.114 

1.610 

1.597 

7.144 

3.27 

5.265 

1.89 

15.3 

1.981 

3.514 

1.754 

1.702 

9.485 

3.82 

6.7 

2.04 

20 . 5 

2.160 

3.914 

1.905 

1.805 

.12.349 

4.4 

8.38 

2. 15 

27.2 

2.339 

4.314 

2.063 

1.906 

15.773 

5 

10.32 

2.27 

35 

2.517 

4.714 

2.229 

2.004 

19.803 

5.6 

12.48 

2.41 

46 

2.696 

5.114 

2.402 

2.099 

24.476 

6.15 

14.78 

(2.55) 

(60) 

2.875 

5.514 

2.582 

2.192 

29.829 

6.65 

17.19 

(2.67) 

(75) 

3.055 

5.914 

2.769 

2.283 

35.893 

7.26 

20.1 

(2.79) 

(100) 

Values 

extrapolated  beyond  available  thermodynamic  data 

are  shown  in 

|  parentheses. 
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TABLE  V 

DEVIATIONS  FROM  EXACT  LINEAR  SCALING  AS  USED  IN  LAUNCH  CYCLE 
CALCULATIONS  AND  ACTUAL  SHOTS 


Caliber,  in. 

0.375 

0.5 

0.5 

2.5 

Calculation 

V 

V 

V 

Launch 

V 

Normalized^"^ 

Projectile  Mass 

1 

0.85 

0.85 

1 

„  ,{2)  Piston  Mass 

Normalized  - 

Pump  Tube  Volume 

1 

0.9 

0.9 

1 

1 3  } 

Normalized  Piston  Velocity 

1 

1.1 

1.15  - 

1.09 

1 

Muzzle  Velocity,  kft/sec 

29.18 

31.7 

30.1  - 

29.7 

30.45 

Release  Pressure*, 
kpsi 

1.8 

1.5 

~1.5 

1.8 

Maximum  Pump  Tube 

Pressure,  kpsi 

405 

600 

_ _ 

383 

♦Bursting  pressure  of  a  diaphragm  at  the  barrel  entrance 

__  .  3 

projectile  mass 


(1) 

Given  as  ra 

tlo  - = - = -  - — 

V  0.375-ir..  pro j  .  mass  '  \  caliber 

(2) 

Ratioed 

to 

[(piston  nass)/(pump  tube  volume)] 

for  the 

0.3 

75-in.  caliber 

(3) 

Ratioed 

caliber 

to 

gun 

piston  velocity  in  the  0.375- in. 
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